An investigation was carried out to determine the genetic structure in soil populations of Rhizobium kguminosarum bv. trifolii and viciae at each of two Oregon sites (A and C) that were 1 km apart. Although the soils were similar, the plant communities were quite different because grazing by domestic animals had been allowed (site A) or prevented (site C). Analysis of allelic variation at 13 enzyme-encoding loci by multilocus enzyme electrophoresis delineated 202 chromosomal types (ETs) among a total of 456 isolates representing two populations of R. kguminosarum bv. trifolii (AT and CT) and two populations of R. leguminosarum bv. viciae (AV and CV). Regardless of their site of origin or biovar affiliation, isolates of the same ET were confirmed to be more closely related to each other than to isolates of other ETs by repetitive extragenic palindromic and enterobacterial repetitive intergeneric consensus sequences and the PCR technique. Despite the wide range in densities of the Rhizobium populations (<102 to >105/g of soil), their overall genetic diversities were similar (mean genetic diversity, 0.45 to 0.51), indicating that low-density populations of soil-borne bacterial species are not necessarily of little genetic diversity. Linkage disequilibrium analysis revealed significant multilocus structure (nonrandom associations of alleles) within each of the four populations. From a combination of cluster and linkage disequilibrium analyses, a total of eight distinct groups of ETs were defined in the four populations. Two groups (I and III) contributed significant numbers of ETs and isolates to each population. The two populations of R. leguminosarum bv. viciae (AV and CV) exhibited similar genetic structures despite existing at different densities, in different plant communities, and in the presence (CV) or absence (AV) of their local Vcia hosts. In contrast, total linkage disequilibrium was partitioned differently in two biovar populations occupying the same soil (AV and AT), with disequilibrium in the latter being due entirely to the presence of group V.
Substantial amounts of research have been directed at the population genetic structure of human-and animal-associated bacterial species (20, 22, 27, 28, 36, 37) . Many of these bacterial species were shown to exhibit a clonal population structure, in which a species consists of a finite number of chromosomally distinct genotypes and exhibits nonrandom associations of alleles (linkage disequilibrium) at chromosomal loci. Clonal structure is thought to be maintained in these species because genetic exchange events of a magnitude sufficient to erode the individuality of the chromosome are rare relative to the rates of clonal expansion, migration, and random extinction of existing genotypes.
Recent evidence indicates, however, that the genetic structure of soil-borne species may differ from that considered the norm for the majority of animal-associated species. Istock et al. (14) analyzed a local population of Bacillus subtilis recovered from a soil microsite and found little evidence of linkage disequilibrium. They concluded that genetic exchange was occurring often relative to asexual reproduction and that, in the absence of selective pressure, clonal structure had not developed. Souza et al. (30, 31) arrived at similar conclusions by demonstrating that several local populations of Rhizobium etli were in linkage equilibrium. In addition, they concluded that recombination was occurring between genotypes in a local population which exhibited linkage disequilibrium. Although these data support the possibility that the forces which drive the ecology and evolution of animal-and soil-associated species might be different, only a few population genetic studies have been conducted with soil-borne relative to animal-associated species.
Recently, we described the serotypic composition of a Rhizobium leguminosarum bv. trifolii soil population at a specific location in Oregon. We determined the intra-and interserotype relationships of the isolates by examining allelic variation at 13 chromosomally encoded enzyme loci by multilocus enzyme electrophoresis (MLEE) (18, 19) . Because of our familiarity with this particular soil population and the ecology and management of the surrounding area, an opportunity existed to extend our studies to R. leguminosarum bv. trifolii and viciae populations at other sites in the vicinity. In our previous study, we showed the importance of using several clover (Trifolium) species to obtain a clear picture of the diversity within a soil population of R. leguminosarum bv. trifolii (12, 21, 25, 33, 35) . In the case of R. leguminosarum bv. viciae, it is not clear if there is a need for multiple trap host species to estimate diversity, since the evidence for specific hosts selecting specific subtypes from soil populations is equivocal (13, 17, 32, 38, 39) . With the latter concern in mind, we identified an uncultivated, ungrazed, open woodland site about km from our original site, where four of the most common vetch species of the Pacific Northwest are found in abundance (Vicia hirsuta, Vicia villosa, Vicia sativa, and Vicia americana) and where the R. leguminosarum bv. viciae population occurs in high density (>105/g of soil). Furthermore, since only a few Trifolium dubium individuals were found on the site perimeter, the R. leguminosarum bv. trifolii population density at the site was low (<102/g of soil). In contrast, our original site is a grass-subclover ( Populations of R. leguminosarum. In an attempt to obtain isolates that represented a full spectrum of genetic diversity in the four soil populations, we used several host plant species for recovering isolates. In addition, we conducted a preliminary serological analysis of the isolates with antisera to 13 antigenically distinct serotypes of R. leguminosarum bv. trifolii recovered from site A (19) . A total of 176 isolates of R. leguminosarum bv. viciae were recovered from field-grown V. hirsuta, V. villosa, V. sativa, and V americana and from Pisum sativum and V. villosa grown in soil transported from site C to the laboratory (CV population). Isolates of R. leguminosarum bv. trifolii were recovered from field-grown T. dubium growing at site C and from subclover, crimson clover (Trifolium incamatum), and white clover (Trifolium repens) grown in soil transported from site C to the laboratory. From a preliminary serological analysis of 175 isolates, eight antigenically distinct serotypes were identified and 70 isolates were chosen from among these serotypes (CT population). A total of 112 isolates of R. leguminosarum bv. viciae were recovered from root nodules of four host plants, P. sativum, V. hirsuta, V. villosa, and V. sativa, grown in soil transported from site A to the laboratory (AV population). Two hundred isolates of R. leguminosarum bv.
trifolii were analyzed from a larger collection of isolates recovered from various clover species grown under field or greenhouse conditions in site A soil. Isolates were chosen from among 13 serotypes so that as many of the chromosomal types in the soil population as possible were examined (AT population). The characterization of the AT population has been described in detail elsewhere (18, 19) .
Recovery of rhizobial isolates from plants. Plants were transported from the field to the laboratory, with their root systems intact and surrounded by soil. Excess soil was removed by washing roots in 0.1% (vol/vol) Tween 20. Nodules were harvested and surface sterilized by standard procedures (34) . Isolates were obtained from laboratory-grown plants as follows. Approximately 1,500-ml portions of sterile vermiculite were packed into plastic pots and moistened with 600 ml of a sterile plant nutrient solution devoid of mineral nitrogen (19) .
Surface soil (0 to 10 cm deep) was obtained from either site A or site C and amended with KH2PO4 (55 mg of P kg-1), Na2MoO4 -2H2O (1 mg of Mo kg-'), and K2SO4 (20 mg of S kg-1) in sufficient water (350 g kg-' [oven-dry soil]) to raise the soil-water potential to approximately -30 kPa. Portions of amended soil (1.5 kg) were added to each of three replicate pots for each plant species. The soil layer was gently packed to reduce settling, and the weight of each pot with soil was recorded. Seeds of vetch, pea, and clover species were surface sterilized by standard procedures (34) and sown 1 to 2 cm deep into each of the three replicate pots. Upon germination, vetch and clover seedlings were thinned to approximately 10 per pot and peas were thinned to about 4 per pot. Plants were grown under greenhouse conditions. After 6 wk of growth, 20 nodules were recovered from each replicate pot of each species and rhizobial isolates were recovered by standard procedures (34) .
MLEE. The preparation of cell extracts, electrophoretic conditions, and enzyme assays have been described in detail elsewhere (18, 26) . Each isolate was characterized by its combination of allelic variants over the 13 enzymes assayed. Each distinct allelic variant profile was termed an electrophoretic type (ET). Allelic profiles for each of the isolates in the populations are available from the authors upon request. Genetic diversity (h) at an enzyme locus is calculated ash = (1 -.xi2)[nI(n -1)], where xi is the frequency of the ith allele at the locus, n is the number of ETs in the sample, and nI(n -1) is a correction factor for bias in small samples (24) . Mean genetic diversity (H) is the arithmetic average of the h values over all enzyme loci examined. Coefficients of genetic differentiation [GST = (HT -HS)IHT] (23) were used to apportion total diversity (HT) over several populations into withinpopulation (HS) and between-population components. Relationships among ETs were revealed with a cluster analysis program (ETCLUS) designed specifically for this purpose. The program was translated from FORTRAN to the C programming language with minor modifications prior to use. ETCLUS employs the UPGMA algorithm (29) to cluster from a matrix of pairwise distances (calculated as the proportion of mismatched loci) between ETs. The relative similarities among ETs were displayed in the form of a dendrogram.
VOL. 60, 1994 To determine the extent to which the populations exhibit linkage disequilibrium (nonrandom combinations of alleles between loci), the observed allelic mismatch frequency distribution was obtained by comparing each ET with every other ET once [for a total of n(n -1)/2 comparisons, where n is the number of ETs), and for each paired comparison, the number of dissimilar alleles (mismatches) was recorded. An equation for computing the variance of this distribution (VO) has been derived previously (5, 6) and the process has been described in detail elsewhere (18, 22, 30, 31) . The inflation of the observed variance of the allelic mismatch distribution (VO') over the variance of the mismatch distribution expected if there were random associations of alleles at loci (Ve) provides an indication of the extent of linkage disequilibrium among loci.
Comparison of MLEE with REP and ERIC PCR. The profiles of DNA fragments generated by PCR with repetitive extragenic palindromic (REP) and enterobacterial repetitive intergeneric consensus (ERIC) sequences as primers were determined as described elsewhere (8 a Values in parentheses are number of alleles at each locus in each population. AV and CV represent the R leguminosarum bv. viciae populations from sites A and C, respectively. AT and CT represent the R. leguminosarum bv. trifolii populations from sites A and C, respectively.
" Mean genetic diversity in population.
whose alleles at the 13 loci are in linkage equilibrium (randomly assorted) but which are in disequilibrium with the other groups. By combining populations and subjecting them to cluster analysis followed by linkage disequilibrium analysis, we developed a consensus population structure which shows the overall relationships between major groups and the occurrence of each group in the four populations (Fig. 2) . Groups I and III made substantial contributions to the percentages of ETs in all four of the populations (Table 4) . Groups II and V were not found in all populations, and their contributions ranged from major to minor. Groups IV and VI were not found in all populations and contributed minimally to the gene pool. A linkage disequilibrium analysis was conducted with each soil population to identify which groups contributed to the overall multilocus structure (Table 5 ). In both of the R. leguminosarum bv. viciae populations (CV, AV), disequilibrium was significant between all combinations of groups contributing significant numbers of ETs to the AV (groups I, II, III, IV, and VII) and CV (groups I, II, and III) populations. This finding indicates that ETs within each group are sufficiently similar to each other and yet dissimilar enough from ETs in other groups to be the source of the linkage disequilibrium in these populations. In the AT population, however, the presence of group V strains created most of the linkage disequilibrium, because exclusion of these isolates from the analysis caused the remainder of the population (groups I and III) to be in linkage equilibrium. Interestingly, there was almost a parallel situation in the AV population, involving groups I and III, because linkage disequilibrium was barely significant when they were combined. Despite the common occurrence of group overlap among the four populations, there were only 15 ETs that were found in more than one population. Eleven ET overlaps occurred between the AV and CV populations, with 10 of them in group I. It is unlikely that the same ETs arose independently on each site from assortative recombination events, because their frequencies of occurrence are severalfold greater than random chance predicts from the product of their particular allele frequencies in the population (data not presented).
Distribution of the groups among the plant species. Three groups (I, II, and III) accounted for 92 and 98% of the isolates of R. leguminosarum bv. viciae recovered on sites A and C, respectively. x2 analysis of the distribution of isolates from the various hosts among these groups revealed a highly significant degree of heterogeneity on both site A (X2 = 21.94, df = 6, P <0.005) and site C (X2 = 31.50, df = 8, P <0.001). if isolates from V. villosa are omitted from the analysis, statistical significance is lost on both sites (site A, x2 = 8.90, df = 4, P >0.05; site C, x2 = 10.05, df = 6, P >0.05). These effects are caused primarily by group III isolates being overrepresented in nodules of V. villosa on site C relative to the other hosts and by greater representation of group I isolates in V villosa nodules on site A. Although previous studies from this laboratory showed that subclover and crimson clover grown at site A nodulated extensively with group V (19) , both of these species were nodulated primarily by representatives of groups I and III in site C soil. Field-grown T dubium on site C, however, was nodulated almost exclusively by isolates from group V.
DISCUSSION
The findings of this study have specific implications for Rhizobium biology and ecology and, more generally, for the Relative Dissimilarity population biology of soil-borne bacterial species. Consequently, the goal of this discussion will be to expand upon the significance of this work to each of these fields. REP and ERIC PCR grouped strains of the same ET into well-defined clusters regardless of their biovar affiliation or geographical origin. While chromosomal instability, spontaneous mutation, and genetic exchange can explain the intra-ET variation, such mechanisms are obviously not so extensive that they can break down the multilocus structure revealed by examining allelic variation at the 13 enzyme-encoding loci. It is noteworthy that the mean overall genetic diversity (H = 0.48) for the four soil populations of R leguminosarum bv. viciae and trifolii is similar to estimates obtained from analyses of R. leguminosarum bv. trifolii strains from culture collections (9, 18) and those obtained from analyses of many local and cosmopolitan populations of Escherichia coli (27) . Presumably, there can be as much genetic diversity within local populations of R leguminosarum bv. viciae and trifolii as in the species as a whole.
A key observation of our study is that genetic diversity in the low-density populations of R leguminosarum bv. viciae and trifolii on sites A and C, respectively, were nearly identical to values in the high-density populations on the same sites. Because Vicia species are widespread throughout the areas of the Soap Creek valley that are neither grazed nor cultivated, we assume that Vicia spp. were once abundant on site A and that the AV Rhizobium population was larger than its present size. Presumably, the conditions conducive for subclover success (i.e., intense domestic animal grazing) have caused the demise of the upright-growing Vicia species and a concomitant decline in the AV population. It is apparent, however, that neither the decline of the host population nor the change in environmental conditions has created sufficient selective pressure to cause substantial loss of genetic diversity or change in the genetic structure of the AV Rhizobium population. In the case of site C, we favor the idea that clover species were never a major component of the plant community because of their inability to establish themselves and persist among tall grasses and woody shrubs. In this habitat, the climbing tendency of Vicia spp. makes them better-adapted legumes for these plant communities. We hypothesize that the high level of diversity measured in the CT population and the disequilibrium detected between groups I and III result from the random immigration of strains onto the site. In contrast to our findings, Harrison et al. (11) found that levels of genetic diversity in populations of R. leguminosarum bv. trifolii were significantly lower in acidic soils (pH 4.2 to 4.4), where rhizobial populations were present at <102 g of soil-1, than in soils of higher pH, where densities were greater. Because it is well known that neither Tnifolium species nor R. leguminosarum bv. trifolii will thrive under extremely acidic conditions (2, 10), it is possible that both plant absence and selective environmental pressure contributed to the low level of diversity observed in the United Kingdom studies. Obviously, further experimental studies of genetic diversity in soil-borne Rhizobium species are needed to gain understanding of the impact of host removal, environmental conditions, and migration on genetic diversity of Rhizobium populations.
By conducting MLEE analyses of strains obtained from various culture collections, we found that groups I and III of R. leguminosarum are distributed globally among both biovars. Several U.S. Department of Agriculture strains of R. leguminosarum bv. viciae (including ATCC 10004 and 10314) recovered from widely separate geographic locations belong to group III. In addition, isolates representing ATCC strains of R. leguminosarum bv. trifolii (10328, 14479, and 14484), a common ET (MFF) recovered from pea nodules at two United Kingdom sites (38, 39) , and the nodule-dominant serotype 2 recovered from peas grown in eastern Washington state (4) belong to group III. Laguerre et al. (17) showed that the dominant chromosomal type of R. keguminosarum bv. phaseoli, trifolii, and viciae, identified in nodules on plants growing in a field in France, corresponded with the MFF chromosomal type. Group I contains ETs designated MSM, MSK, and MSS by Young and coworkers that were recovered from pea, clover, and bean nodules in the United Kingdom (38, 39) ; members of serotypes AS21 and WS1-01, which are common occupants of subclover nodules in Oregon (18) ; and strains WU95, CC275e, and 162X95, which are currently used as clover inoculants in Australia, New Zealand, and the United States, respectively (7, 15, 16) .
In contrast to the recent studies with B. subtilis and R. etli (14, 30, 31) , we detected linkage disequilibrium in each of the four soil populations of R. leguminosarum. Nevertheless, clusters of ETs that showed random associations of alleles were found in each population, indicating that recombination has occurred between certain genotypes at some time in their history. Because all groups contributed equally to the linkage disequilibrium in both populations of R. leguminosarum bv.
viciae, the possibility exists that specific chromosomal types from within each lineage have gained a nodulation or saprophytic advantage over other genotypes in the same lineages.
The situation could be analogous to what Maynard Smith et al. (22) described recently as an epidemic clonal population structure in which linkage disequilibrium occurs transiently until assortative recombination of genes eventually returns the population to linkage equilibrium. In the case of the R. leguminosarum bv. trifolii population on site A, however, disequilibrium is caused entirely by the presence of group V. In this case, the success of group V in occupying root nodules of subclover growing at the site (18, 19) has not had a deleterious impact upon the genetic diversity within the remainder of the population. Further studies are required to determine if linkage disequilibrium is a stable or transient phenomenon within each of these populations. A combination of field surveys and soil experiments involving specific isolates could be used to address these questions.
